ABSTRACT: The main sign characterizing brown ring disease (BRD) in Manila clam Ruditapesphilippinarum is a brown conchiolin deposit on the inner surface of the shell. Different stages of deposit formation and of the shell repair process were examined by means of binocular microscopy. The surface area of the deposit was quantrfied by lmage analysis and its precise location was determined. Experimental induction of brown ring syndrome after infection with a Vibrio sp. (VP1) allowed us to follow the evolution of macroscopic modifications in the shell inner surface. Simultaneously with the development of BRD, a shell repair process generally occurs. Based on these macroscopic observations, a classification of BRD is proposed.
INTRODUCTION
Since 1977, the culture of a non-native venend clam, Ruditapes philippinarum, has developed extensively along the French Atlantic coast. In 1987, in the northwest of Brittany (Brouennou locality), mass mortalities of the clams were associated with a shell anomaly called brown ring disease (BRD). The main sign characterizing the disease is a brown conchiolin deposit on the inner surface of the valves, generally located between the pallial line and the edge of the shell (Paillard et al. 1989 , Paillard 1992 . A Vibn'o sp., subsequently called Vibrio P1 or VPI, was isolated and defined as the etiological agent responsible for this disease (Paillard & Maes 1990 , Maes 1992 . Sinlilar syndromes have already been described in other bivalves but were associated with other causes: oxygen oversaturation (Malouf et al. 1972) , nutritional deficiencies (Mori 1975) , or parasites (Dollfus 1912 , Alderman & Jones 1967 , 1971 , Farley 1968 , Quayle 1969 , Bartoli 1974 . In shell disease caused by a fungus identified as Ostracoblabe implexa, the authors (Alderman & Jones 1971) defined stages of conchiolin deposition in wild oysters Ostrea edulis and Crassostrea angulata, but experimental induction of the disease was slow and produced low levels of infected individuals and it was therefore not possible to follow the development of the disease. In the present study, an attempt was made to describe the BRD syndrome qualitatively and quantitatively. The surface area occupied by it was measured by image analysis and its exact location determined. Infection of healthy clams by VP1 allowed us to follow the development of the syndrome. The experimentally induced syndrome was then compared with the conchiolin deposit in naturally diseased clams. The aim of this study was to classify the syndrome in stages corresponding to the development of BRD.
MATERIALS AND METHODS
Clams. Healthy and diseased juvenile (10 to 20 mm length) and adult (20 to 40 mm length) Manila clams Ruditapes philippinarum were collected from clam beds in Brouennou (Landeda, North Finistere, France) from January to June 1988. Two types of clams were defined according to their location in the sediment: burrowing clams, which are normally buried in the Q Inter-Research 1994 sediment, and surfacing clams, which rise to the sediment surface prior to death. Juvenile Manila clams were also obtained directly from hatcheries. These were maintained in marine aquaria and fed twice weekly with Dunallella sp. Periodic examination of the clam tissues indicated that they remained in a healthy condition for an extended period of time.
Infection experiments. For all the VP1 injections, a bacterial suspension of 108 cells ml-' sterile seawater was used. Suspensions were obtained from bacterial cultures 72 h old (Paillard & Maes 1990 ). Prior to infection, healthy clams were left out of water for 5 h. Following re-immersion, the clams opened their valves, at which time a syringe needle was introduced between the edges of the valves without damaging the shell. The clams were again removed from the water and a suspension (0.1 rnl per individual of 10 to 15 mm length) was injected into the pallial cavity. For all the experiments, 2 batches of 150 individuals were injected and 2 batches of 150 individuals were used as controls.
Quantitative analysis of the deposit. Images of the inner surface of each valve were obtained using a video camera (camera: CCD; card: MATROX MVP/ AT), taking care that the optical axis of the camera was perpendicular to the plane defined by the edge of the valves. The images were then processed with an image analyzer (Visilog 3.6 on a Silicon Graphic Personal Iris 4D25 workstation) to estimate the surface area of the deposit (S,) and the entire inner surface area of the valve (Sv). The measured surfaces did not correspond to the real surface area of the valve, but rather to the orthogonal projection on the defined plane of the edge of the shell. In this way, a deposit surface index (DSI) was calculated: DSI = (SD/&) X 100. This index can be calculated for the right, the left or both valves.
RESULTS

Description of the syndrome
Macroscopical appearance
The typical sign of BRD is visible to the naked eye on the inner surface of the shell: an abnormal organic brown material, generally adhering to the area between the pallial line and the edge of the shell (Fig. 1) . It is made up of several superimposed layers, which give it a laminated structure. When the deposit is very thick, it takes on a darker coloration and its surface may display a series of radially oriented crests (Figs. 2 & 4) . During the early part of disease development, when the deposit cannot be seen without a magnifying glass (25x), 2 signs present together or separately permit identification of the BRD syndrome. The first sign is an organic film made up of 1 or several layers, pale brown in color, strongly adhering to the inner edge of the shell (see Fig. l l a , b) , and the second is several small brown spots surrounded by a pale brown halo, arranged in radial lines at the inner edge of the shell (see Fig. l l a , b) .
Regardless of its thickness, the deposit can be invaded by shell secretions, which may be either small calcified concretions (Figs. 3 & 4) or wide plates, porcellaneous in appearance, covering the conchiolin deposit (Figs. 5 to 7) . When the shell repair process is more advanced, it may result in a complete regeneration of the inner shell layers (Figs. 6 & 7) . Such shell repair was observed in naturally diseased clams collected from January to June 1988. In January, the deposit was mainly made up of organic material (Fig. 2) . From February to March, carbonate crystals studded the surface of the deposit, giving it a flocculent appearance (Figs. 3 & 4) . During April and May, wide calcified plates, similar in appearance to the inner layer of the shell, partially covered the deposit (Fig. 5) . In June, 70% of the clams exhibited a brown ring partially or completely covered by a calcified porcellaneous layer (Figs. 6 & 7) . In cases where the calcified layer was recent and therefore transparent, the deposit was still visible (Fig. 5) . However, when the calcified layer was thick, the deposit was detectable by the unevenness of the surface of the calcified layer corresponding to the crests of the deposit (Fig. 7) .
Deposit surface index
Among the 288 clams collected from January to June 1988, 563 valves displayed a brown deposit and 13 valves were undamaged. The distribution of the DSI was significantly different between the surfacing and the burrowing clams for all months (KolmogorovSmirnov test of frequency comparison, p = 0.05) (Fig.  8) . For all the examined valves, the DSI varied from 0 to 30. Depending on the month, between 40 and 74 % of burrowing clams exhibited a relatively low index (from 0 to 5); this DSI category was more frequent in April and June than in other months. For all months, a DSI greater than 15 was seen in only 8 to 20 % of burrowing clams and in 40 to 80 % of surfacing clams. Therefore, surfacing clams were more frequently affected by deposits covering a greater surface area than burrowing clams.
Brown deposit localization
The inner surface of each clam valve can be divided into 4 compartments: the peripheral, the sinusal, the F~g s 1 to 7. Ruditapesphilippinarum. Naturally diseased clams exhibiting the characteristic brown ring syndrome. S: sinusal compartment; p: peripheral compartment. these 3 locations, however, were significantly different between the 2 types of clams (Kolmogorov-Smirnov test of frequency comparison, p = 0.01). The evolution of deposit distribution was followed monthly (Fig. 10) . From February to May, the location pva was predominant in surfacing clams, occurring in 60 to 80 % of specimens; it occurred in only 20 % of burrowing clams. In June, no surfacing clams were found, and in burrowing clams, the frequency of pva fell to 8 % whilst p was predominant at 53 %.
The predominance of certain areas of deposit in burrowing and surfacing clams suggests an evolution in the formation of the deposit, with a progression from 1 area in burrowing clams to 3 areas in surfacing clams. To investigate this hypothesis, the macroscopic progression of the deposit was followed after challenging healthy clams with VP1. One week after infection, a few brown spots appeared, generally on the inner surface of the shell edge. These spots were confined to a limited area (p, v or a) on the internal edge of the valve and were only visible with a binocular microscope (Fig. l l a , b) . After 2 wk, the majority of the diseased clams exhibited numerous brown spots, distinctly visible to the naked eye but always localized (in site p, v or a) (Fig. 12) . After 3 wk, the more developed disease was characterized by brown spots distributed fairly uniformly in 2 areas of the peripheral compartment (pv, pa or va) (Fig. 13) . One month after infection, from 10 to 60 % of diseased clams exhibited brown spots which occupied the entire surface of the peripheral compartment (site pva), forming a complete brown ring (Fig. 14) . The brown ring progressively thickened, became stratified and possibly invaded other compartments.
Classification of the syndrome
This macroscopic description of the syndrome permits us to establish a classification system. The syndrome is characterized by 2 reactions which may occur simultaneously in a given individual: formation of the conchiolin deposit, and shell repair. Two types of Fig. 12 . Two weeks after infection, the conchiolin spots are s t~l l located in a limited area (arrows] but are visible to the naked eye. Fig. 13 . Three weeks after infection, the conchiolin spots uniformly occupy half of the peripheral compartment. Fig. 1.4 . One month after infection, the conchiolin spots occupy the entire surface of the peripheral compartment, forming the characteristic brown ring, seen here on both valves stages are therefore defined: con deposit stages (CDS) and shell repair (SRS).
Conchiolin deposit stages
The determination of CDS is based assessment of an index (TEI) which si chiolin stages on the ~multa-neously takes into account the extent and the thickness of the deposit.
Initially, only the extent of the deposit is considered and an extent index (EI) is calculated, based on the number of areas affected by the brown deposit on the 2 valves: E1 = (no. of affected areas in peripheral compartment) + (no. of affected areas in other compartments) X 2 Therefore, the extent index can vary from 0 to 18. An area is counted even if it is only partially affected and even if binocular microscopy is necessary to identify the deposit. An E1 value of 0 means that the clam appears to be healthy, i.e. there are no observable deposits at the binocular microscopic level; it could also mean that the clam was diseased but has completely recovered, i.e. the conchiolin deposit is completely covered by shell layers.
Subsequently, the E1 is corrected i.n order to take deposit thickness into account. Four degrees of thickness were considered: (1) deposit not visible to th.e naked eye, but visible through a binocular microscope; (2) fine pale brown deposit or several small brown spots visible to the naked eye; (3) deposit with a thickness <l mm; (4) thick deposit with (4) TEI = El + 1 a thickness 2 1 mm. The E1 was corrected using these 4 degrees of thickness, yielding an index of thickness and extent (TEI) ( Table 2 ). TEI can theoretically vary from -18 to 19. A healthy individual has no TEI.
The TEI values were grouped into 7 stages (CDS 1 to 7) which were related to the degree of disease development (Fig. 15) . CDS 1 is not visible to the naked eye. CDS 2 corresponds to a limited extent of deposit (maximal TEI value: 2). From CDS 3 to 6 the TEI increases steadily, due to an increase in the extent of deposit. Several patterns of very extensive deposit (TEI 11 to 19) are grouped into CDS 7, which is considered the later stage of the disease. When the clams exhibit no deposit, the CDS is considered equal to zero.
Shell repair stages
Based on observations of naturally diseased clams, 3 stages of shell repair (SRS 1 to 3) are proposed. SRS 1 corresponds to the accretion of calcified material (Figs. 3 & 4) . The partial covering of the deposit by wide calcified plates corresponds to SRS 2 (Fig. 5) . In SRS 3, the brown deposit is completely covered by shell layers (Figs. 6 & 7) .
Considering the processes of conchiolin deposit formation and shell repair together, 3 phases of the disease may be defined (Table 3 ). The first phase corresponds to the development of the disease and is characterized only by accumulation of a conchiolin deposit. The second phase is characterized by the simultaneous occurrence of both processes in a given individual. The third of Crassostrea gigas (Alzieu et al. 1981) . Diflubenzuron disturbs crystal arrangement and provokes an abnormal accumulation of organic material between the crystals on the inner surface of the valves of Anodonta cygnea (Machado et al. 1990 ). Gas-bubble disease, induced by oxygen oversaturation, is characterized by the presence of spots of conchiolin filled with gas bubbles on the inner surface of oyster and clam valves (Malouf et al. 1972 ). In the latter study the conchiolin deposit was later covered by shell layers. Environmental factors responsible for metabolic deficiencies are also associated with conchiolin deposits. During spring and summer mortalities of Patinopecten yessoensis, moribund scallops were commonly characterized by shell deformities and the adhesion of a brown film-like substance on the inside of the shell margin (Mori 1975) . Several factors were involved: cold temperatures during winter, nutritional deficiencies and high population densities. Mori (1975) was able to reproduce a similar syndrome in P. yessoensis under unfavorable culturing conditions. In the same species, Kawamata (1985) also associated conchiolin deposition with an abnormal development of the gonad during summer.
Parasites can also produce a similar syndrome. Trematodes are often associated with deposits of brown organic material on the inner surface of the valves in Donax vittatus (Dollfus 1912) , Venerupis pullastra (Johannessen 1973) and Ruditapes aureus (Bartoli 1974) . The deposits are often covered with calcified material which is filled with moribund metacercariae (Bartoli 1974) . Conchiolinous pustules due to the protozoan Haplosporidium nelsoni were reported by Farley (1968) in MSX (multinucleate sphere unknown) diseased Crassostrea virginica. These pustules contain necrotic phagocytic cells and moribund parasites. A well-known shell disease which affects the oysters Ostrea edulis and Crassostrea angulata has been associated with a fungus (Alderman & Jones 1971). The major syndrome is the development of white spots which become brown by deposition of conchiolin. In these spots, the fungus utilizes the organic matrix of the shell for its nutrition (Kohlmeyer 3.969) . Experimental challenge with pieces of diseased shells for 6 mo produced the shell disease syndrome in only 2 % of the processed oysters (Alderman & Jones 1971). However, 2 wk after incubating healthy pieces of shell in seawater with a pure culture of Ostracoblabe implexa, this fungus was observed forming prochlamydospores, penetrating and growing over the entire shell (Raghukumar & Lande 1988) . Mortalities of Pinctada maxima (Pass et al. 1987) and Pinctada margaritifera (Marin & Dauphin 1991) are also associated with brown-stained nacre between the mantle and the edge of the shell, but the etiology has yet to be clearly established. In Pecten maximus and Mercenaria mercenaria collected in Brittany, a brown-ring-like syndrome has been reported but VP1 was not found (Maes & Paillard 1992) . To date, in bivalves, bacteria have never been determined to be involved in a shell disease syndrome, and BRD is probably the first bacterial shell disease described which affects bivalves at the adult stage.
Another well-known reaction observed in bivalves is the process of shell repair after the organism has been subjected to various disturbances. After shell edge fracture, the pallial cells located underneath the fracture secrete 3 layers in succession: the periostracum, the prismatic layer and the inner layer (Watabe 1983 , Pan & Watabe 1989 . During blister formation, bivalves may embed foreign bodies or parasites into shell layers in the same manner as the process of nacrezation described by Cheng (1967 Cheng ( , 1981 . This process occurs either when a foreign body is located between the mantle and the shell or when a bivalve closes galleries or holes caused by algae, fungi or worms (Jameson 1902) . In BRD, a similar defense mechanism may be acting on the bacteria to embed them, at first through conchiolin deposition and then through accretion of shell layers, to limit their proliferation (Paillard 1992) . All of these cases in which similar symptoms have different causes show that the BRD syndrome is not very specific and is a general reaction of bivalves to any aggression against the extra-pallial cavity.
In naturally occurring BRD syndrome in Ruditapes philippinarum, the deposit appears very heterogeneous in its location, its surface area and its structure. The differences in location and" surface area of the deposit between the 2 categories of clams (burrowing and surfacing) may be considered partly responsible for the observed heterogeneity. Surfacing clams are more frequently and more extensively affected by the disease than burrowing clams. The experimentally produced syndrome was similar to the naturally occurring syndrome. The main difference was probably due to the fact that the natural deposits were often older than the 1 mo old artificially induced deposits; therefore the natural deposit was thicker, and several covering calcified layers were observed more often. The heterogeneous appearance of BRD syndrome in naturally diseased clams is due to the variability in deposit thickness and particularly to the occurrence of a partial shell repair process. The analysis of the precise sites of deposit suggests that it progresses from the area in contact with the siphons to the anterior area of the valves. Infestation of the clams by the pathogen could result from the retraction of the siphons between the 2 periostracal lamina. In the case of the fungal shell disease in Crassostrea angulata and Ostrea edulis, Alderman & Jones (1971) showed that some areas of the shell were more frequently affected than others. This observation also seems to be directely related to the ported by IFREMER and the Conseil Regional de Bretagne.
route by which the fungus infects the oyster shell. olin deposit formation and shell repair Determination of the stage of conchiolin deposit formation is based on the calculation of the TEI, which considers principally the extent and, to a lesser degree, the location and thickness of the deposit. The extent alone satisfactorily describes the degree of disease development; infection experiments show that the deposit spreads progressively over time. The other characteristics (location and thickness) introduce minor corrections in the stage determination. Location was accounted for by weighting certain areas, i.e. introducing a multiplicative factor in scoring the areas principally affected in the more advanced stages of the disease. In addition, 4 degrees of thickness were considered. The first degree of thickness, corresponding to a deposit invisible to the naked eye, causes the TEI value to become negative; this is an arbitrary effect but it permits us to immediately distinguish CDS 1 from the other stages. The other 3 degrees of thickness correspond to deposits visible to the naked eye. A correction of -1 is applied for deposits composed of little spots, and + l for deposits thicker than 1 mm. This minor modification of the index value reflects the fact that an increase in thickness occurs after the process of deposit extension but is probably less important in terms of disease development.
In addition, the shell repair process is classified into 3 stages, which give an indication of the progress of recovery. The SRS is then associated with the CDS in order to define the 3 main phases of the disease:
(1) accumulation and spreading of organic deposit, (2) stratification of organic and calcified layers, and (3) complete recovery. The establishment of these phases represents an attempt to define the different physiological states of diseased clams.
